fires (Felfili et al., 2000) , presumably due to the low mortality and rapid re-sprouting (Rutherford, 1981; Trollope, 1996) . However, even low rates of mortality may not be sufficient to guarantee persistence under frequent burning. Low rates of fire-induced mortality, compounded over multiple fires can cause considerable loss, while many of those individuals that survive burning are subjected to top-kill.
Large individuals may resist top-kill or outright mortality due to thick bark, but small individuals cannot (Rutherford, 1981; Gignoux et al., 1997) . If burning is frequent, these small individuals may not be able to grow into large-sized trees, remaining indefinitely in a reduced stage. Similarly, even some large, mature individuals may be subjected to top-kill (Williams et al., 1999) , thus reverting to a small size, with this reduction being effectively irreversible if fire is too frequent. These reduced individuals will remain in this state unless a sufficiently long fire-free interval occurs to allow them to attain sufficient size and bark thickness to resist top-kill. Therefore, top-kill, the rate of re-sprout development (Higgins et al., 2000) and mortality may control changes in tree cover in moist tropical savannas.
In Mole National Park, the policy is to burn the vegetation annually early in the dry season when the grass fuel is still moist, presumably to achieve a low fire intensity and thus minimise its impact on the Park's vegetation. It is, however, certain that late dry season fires occur regularly over large areas of the Park. Information on the effects of fire on the vegetation of Mole is virtually non-existent. This study thus aimed to assess the impact of these managed annual fires on trees and shrubs in the south-western section of Mole (Figure 1 ). The vegetation in this section of the Park is virtually devoid of elephants as well as other large mammalian herbivores and, thus, offered a unique opportunity to assess the effects of fire on woody plant structure and composition in isolation from herbivory impacts, which often complicates the interpretation of the results of most experiments on fire in savannas.
MATERIALS AND METHODS

Study area
Mole National Park is situated in northern Ghana between 9º 12' -10º 06' North and 1º 25' -2º 17' West and covers an area of approximately 4840 km 2 . The Mole and Lovi rivers are the most significant among the numerous rivers which cross or originate in the Park. A climatic diagram for the nearest meteorological station, Damongo, about 18 km south of Mole, is shown in Figure 2 . More than 95% of the mean annual rain (1098.1 ± 78.3 mm) falls during the single rainy season from April to October, with maxima occurring in July and the prime peak in September. The five consecutive months of the dry season (November -March) have a mean total rainfall of 49.7 ± 3.2 mm. The mean annual temperature of 27.7º C varies little from month to month (25.7 -31.0º C), while the average diurnal range is 13.3º C.
The Park lies in the Guinea savanna zone. The dominant vegetation type is the open savanna woodland with a grass layer that can reach up to 3 m tall during the rainy season and which is burnt annually. Hall and Jeník (1968) There are about 94 species of mammals (including bats) and over 300 species of birds in the Park (Hossain and Hall, 1996) . The distribution of large mammals, particularly elephants, is skewed to the south-eastern section of the Park (Figure 1 ). This study was conducted in the south -western section of the Park where elephants as well as other large mammals are virtually absent for most part of the year. The savanna vegetation in the area is largely the Isoberlinia doka-Loudetiopsis scaethae-Hyperrhenia subplumosa subtype of Hall and Jeník (1968) . Further details of the Mole National Park are included in Sackey (2006) .
Field data collection
The field work was carried out in April, 2004, a few weeks after the annual burning of the vegetation of the study area had taken place. Unfortunately, this meant that the opportunity to assess the effects of one season of burning on woody plant species, especially small-sized individuals was missed. In the determinations, no distinction could be made regarding the exact number of fire occurrences responsible for the various forms of damage observed to have been inflicted on the tree/shrub sample. Furthermore, the assessment was confined to trees/shrubs ≥ 2 m tall. Fire damage on trees and shrubs was carried out in twenty 50 m x 50 m plots contiguously located approximately perpendicular to a footpath as a baseline. Due to the difficulty in distinguishing between dead and burnt trees of Terminalia avicennioides and Terminalia laxiflora as well as Parinari polyandra and Parinari curatelifolia, individual trees of these species were recorded, respectively, as Terminalia spp. and Parinari spp.
Dead and top-killed trees/shrubs
Dead trees ('Root kill' of Niering et al., 1970) were defined as involving complete mortality of the stems and roots of the plants, while topkilled trees ('Stem kill' of Niering et al., 1970) were defined as involving mortality of only the aerial parts of the plants. Every individual tree/ shrub was assessed for growth condition and placed into one of the following categories: dead; top-killed and re-sprouting; and living. The height of trees/shrubs was measured to the nearest 20 cm using either a wooden height pole (for trees up to 5 m tall) or a SUUNTO clinometer (for trees over 5 m tall). For trees with a dead trunk, their height was measured up to the highest branch or twig, while height measurement for those with a broken trunk was determined as the sum of the length of the broken trunk and that of the stump. 
Sackey and Hale
Basal scarring damage on trees
Trunks of all living trees of height 2 m tall or more were examined for basal scarring damage. The height of the trees was measured to the nearest 20 cm using a wooden height pole or a clinometer. Furthermore, the degree of basal scarring damage as well as their orientation on trees over 5 m in height was assessed visually. The scar damage was categorized as follows: class i: up to ¼ of the tree bole circumference scarred; class ii: ¼ to ½ of the bole circumference scarred; and class iii: > ½ of the bole circumference scarred.
Data analysis
To correct for density differences among the different tree species and tree height classes, the data were analysed in the form of proportions and arcsin transformed. Differences in the frequency of fire impacts among trees species and tree height classes were compared by t-tests using the transformed data (Sokal and Rohlf, 1995) . The orientation of basal scars was assessed statistically by chi-square tests.
RESULTS
In total, 2696 trees and shrubs ≥ 2 m tall belonging to 46 species and 38 genera were examined for fire damage. Approximately 83.7% of this sample was 2-5 m tall, while 16.3% was > 5 m in height. Approximately 13.3 ± 0.2% (1 S. E.) of all the trees were either dead (8.6 ± 0.1%) or had been top-killed (4.4 ± 0.2%) by fire and were resprouting from the stem bases or stumps or roots, while 86.7 ± 0.2% had the main trunk living. Of this latter sample of trees, 22.0 ± 0.4% had various degrees of fire scarring damage at the stem bases, while the greater proportion (78.0 ± 0.4%) were classified as 'healthy', though their barks were superficially scorched from fire. Some, especially those of relatively short growth form, also had scorched leaves and twigs/branches.
Dead trees
Approximately 8.6 ± 0.1% (1 S. E.) of all the recorded trees were dead, including 15 trees which had been toppled by wind and subsequently burnt by fire (Plate 1). Most of the tree species were represented by a few individuals. For the relatively abundant species, the relative proportion of dead individuals was variable among them (Table  1) (Table 1) .
Top-killed trees
Approximately 4.4 ± 0.2% (1 S. E.) of the 2696 trees and shrubs examined for fire damage had been top-killed but had re-sprouted from either the stem bases or roots or stumps. Included in this sample were seven trees, five of which were large Burkea africana trees, which had been toppled by wind and the main trunk burnt by fire. All the five Burkea africana trees had been toppled in the rainy season preceding the study and still had moist and intact barks. The relative proportion of top-killed trees > 5 m tall (8.0 ± 1.0%) was significantly higher than that of topkilled individuals measuring 2-5 m tall (3.2 ± 0.3%) (t = 2.07; d.f. = 38; p < 0.05). A similar trend was observed for most of the more common species (Table 2) .
Fire scarring damage on tree bases
In total, 1913 living stems, belonging to 27 species, were examined for basal scar damage, of which 1658 (86.7%) and 255 (13.3%) were 2-5 m and > 5 m tall, respectively. Of this total sample of living trees, 22.0 ± 0.4% (1 S. E.) were basally scarred of which 67.0% and 33.0% were 2-5 m and > 5 m tall, respectively. Within tree height, scarring damage was significantly more frequent in larger trees than small ones (t = 6.79; d.f. = 30; p < 0.001). About 56.7 ± 2.5% of all trees over 5 m tall had basal scars, compared with 17.3 ± 0.6% for trees measuring 2-5 m in height.
Most of the species had too few scarred trees to be considered individually. For the five most commonly scarred species, the frequency of basal scars was variable among them (Table 3) (Table 3) . The difference in scarring frequency between the two height classes was, however, statistically insignificant for all the five species.
Scar classes
The results of degree of basal scarring damage assessed in 136 trees measuring > 5 m tall are summarized in Table 4 . The greater proportion of the basal scars was very severe, that is, belonged to class iii (Plate 2). To assess the frequency of the degree of scarring damage statistically, a chi-square test of independence was conducted with the expected frequency assigned on the basis of a 33⅓% probability that the severity of scar damage would be any one of the three classes. The test was highly significant (χ 2 = 40.34; d.f. = 2; p < 0.001), supporting the statement that scar class iii was the most frequent or that a greater proportion of the basal scars had reached an advanced stage. Some of the scars were over 5 m high (Plate 3), while the majority of them were up to about 1.5 m high. 62.6 ± 5.9
6.8 ± 2.2 
Scar orientation
The greater proportion of the scars faced southwest. Approximately 69.8% of the total sample of 136 basal scars examined for orientation faced southwest, while 18.4% and 11.8% faced northeast and south, respectively. To assess the orientation of the 136 scars statistically, a chi-square test of independence was carried out with the expected frequency assigned on the basis of 12.5% probability that the basal scars would face any one of the eight compass bearings. The test was highly significant (χ 2 = 446.71; d.f. = 7; p < 0.001), with the direction southwest accounting for 357.88 of the computed chi-square value, clearly demonstrating that most basal scars tended to face southwest.
DISCUSSION
Accumulated fire damage on trees and shrubs
Tree bark properties (especially thickness), trunk profile and growth rates define strategies of fire resistance in savanna woody species (Gignoux et al., 1997) . Most of the tree species found in the study area, notably Burkea africana, Entada africana, Piliostigma thonningii, Pterocarpus erinaceus, Terminalia spp. and Vitellaria paradoxa have been variously described as fire-tolerant, fire -resistant or fire-hardy by several authors (e.g., Trapnell, 1959; Charter and Keay, 1960; Hopkins, 1965; Brookman-Amissah et al., 1980; Pellew, 1983; Dublin et al., 1990; Martin, 1996) . Also, several studies (e.g., Trapnell, 1959; Hopkins, 1965; Pellew, 1983) have indicated that woody plants over 3 m in height are 'safe' from fire-induced mortality, while those up to 3 m tall are vulnerable to fire mortality. For instance, in the derived savanna zone of the Olokemeji Forest Reserve, of the 8 Burkea africana and 13 Vitellaria paradoxa trees over 5 m tall subjected to five consecutive years of late dry season burning, none was killed. Only 1 out of 23 trees of Pterocarpus erinaceus died in the same period (Hopkins, 1965) . In the Balanites aegyptiaca savanna of the Kidepo Valley National Park, no evidence of fire-induced mortality of mature trees was found under an annual fire regime (Harrington and Ross, 1974) . Thus fire is generally thought to affect tree recruitment and not adult survival.
Contrary to this generalisation, the present study suggests that large individuals (> 5 m tall) of fire -resistant savanna woody species can be killed from accumulated fire damage. This is true for all the dominant canopy species, particularly Burkea africana, Detarium microcarpum, Terminalia spp. and Vitellaria paradoxa.
Fire regime is a complex phenomenon, involving several factors including intensity and fire type, i.e. head or back fire. In Mole National Park where mean annual rainfall exceeds 1000 mm, sufficient grass is produced each year to support intense annual wild fires. This is well marked in the savanna near the study area (Grupe Camp) where grass off-take is extremely low and grass biomass is likely to be high due to the limited numbers of elephants and other large mammalian grazers. The grass layer, comprising the more common species such as Hyparrhenia subplumosa, Hyparrhenia chrysargyrea, Andropogon ascinodis and Andropogon schirensis, can reach up to 3 m high in the rainy season (Hall and Jeník, 1968) . Furthermore, in the study area, harmattan winds blowing from the north and northeast in the dry season draws fire burning in the opposite direction into a vortex at the base of large trees, creating a much hotter fire that causes basal scarring damage. Successive intense back fires enlarge the scars until eventually, after several seasons, the tree is killed through the direct action of the fire or toppling by the wind. Large trees are commonly killed by a succession of intense fires. Thus the effects of long-term exposure of woody plants to fire may differ from the expected short-term effects.
At Olokemeji, five consecutive years of burning was apparently too short a period for fire to cause mortality to large trees. Thus a very prolonged period of exposure of large trees to intense back fires most probably accounts for the contrast in the findings of the present study and those of Hopkins (1965) and Harrington and Ross (1974) . The findings of the present study, however, agree with the results of Ben-Shahar (1998), which indicated consistent decline in the densities of Baikiaea plurijuga trees of over 8 m in height due to accumulated fire damage and van der Walt and le Riche (1984) , who recorded higher fireinduced mortality in mature trees of Acacia erioloba than in trees of intermediate and small height classes. The present results also agree with the findings of Lonsdale and Braithwaite (1991) , which indicated that both the smallest and largest plants of the five most common woody species in the savanna of Kakadu National Park in Australia proved vulnerable to intense fire.
Burkea africana and Detarium microcarpum trees were particularly susceptible to basal scarring damage. Large boles and long exposure to fire impacts most likely accounted for this. It appears that fires in the study area are started from the south and south-western boundary of the Park and spread in a northerly and north-easterly direction. The harmattan wind which blows from the east and north-east during the dry season, creates vortices at tree bole bases opposite to the wind direction. As a result, basal scars occurred predominantly on the south-western side of tree boles in this section of the Park. In order to minimise fire impacts on the vegetation, it would be prudent for the Park's management to burn in the direction of the wind, preferably on less windy days, and also control accidental fires that escape into the Grupe Camp section of the Park from the south-western boundary.
The effects of accumulated fire damage on the composition and structure of the savanna near Grupe camp Various authors have reported drastic declines in tree and shrub densities, as well as changes in the relative abundance and composition of woody species due to persistent fires (e.g., Trapnell, 1959; Charter and Keay, 1960; Ramsay and RoseInnes, 1963; Hopkins, 1965; Brookman-Amissah et al., 1980; Lonsdale and Braithwaite, 1991) . In Mole National Park, long-term studies in permanent plots will be required to ascertain the effects of the annual fires on the structure and composition of the woody vegetation. However, from these published observations, as well as the findings of the present study, it could be said that changes in the percentage abundance and a general decline in the density of the woody elements of the vegetation in the south-western section of Mole are likely to occur unless burning frequency is reduced.
Implications of the results for other areas of the Park
Time, transport and accessibility constraints meant that the determinations had to be limited to a relatively small area within the southwestern portion of the Park. A greater number of plots taken from a bigger survey area would have enabled more accurate, park-wide generalizations to be made. Nonetheless, experience gained through research on the effects and use of fire in southern and east African grasslands and savannas (Trollope, 1989; Trollope and Potgieter, 1986; van Wilgen et al., 1990) has led to the conclusion that the broad groups of grasses and trees generally react similarly to different fire regime components. It is, therefore, feasible to extrapolate with some degree of confidence from the findings of this study to the northern half of the Park, from Chasia to Bawena (see Figure 1) , where the same components of low grazing pressure and annual intense fires are likely to prevail. But in this section, especially from Chasia to Polzen, wildfires escaping into the Park are likely to be head fires and, therefore, less likely to cause extensive mortality and top-kill to large trees through basal scarring. Therefore, the decline in woody plant density and the consequent vegetation transformation in this section are envisaged to proceed at a slower rate than predicted for the Grupe Camp area.
CONCLUSION
Perennial dry season fires in the savanna vegetation near Grupe camp of Mole are causing chronic basal scars and widespread mortality and top-kill to large trees. It appears that wind has played a significant role in scarring and killing these trees. Large individuals of canopy tree species with shallow roots, notably Burkea africana are particularly susceptible to toppling by wind just before and during the rainy season. Scarring of tree bole bases was also more frequent in Burkea africana and Detarium microcarpum. The fire impacts are likely to result in changes in the relative abundance of the constituent tree species as well as a decline in the density of woody elements in the plant community as a whole unless burning frequency is reduced. The areas for which these predicted vegetation changes are valid can be generalized to include the vegetation in the northern half of the Park where similar conditions of high fuel load and intense fires are likely to prevail.
